Cortico-striato-thalamic (CST) systems are anatomical substrates for many motor and executive functions and are implicated in diverse neuropsychiatric disorders. Electrophysiological studies in rats, monkeys and patients with Parkinson's disease have shown that power and coherence of low frequency oscillations in CST systems can be profoundly modulated by dopaminergic drugs. We combined functional MRI with correlational and path analyses to investigate functional and effective connectivity, respectively, of a prefronto-striato-thalamic system activated by object location learning in healthy elderly human subjects (n = 23; mean age = 72 years). Participants were scanned in a repeated measures, randomized, placebo-controlled design to measure modulation of physiological connectivity between CST regions following treatment with drugs which served both to decrease (sulpiride) and increase (methylphenidate) dopaminergic transmission, as well as non-dopaminergic treatments (diazepam and scopolamine) to examine nonspeci®c effects. Functional connectivity of caudate nucleus was modulated speci®cally by dopaminergic drugs, with opposing effects of sulpiride and methylphenidate. The more salient effect of sulpiride was to increase functional connectivity between caudate and both thalamus and ventral midbrain. A path diagram based on prior knowledge of unidirectional anatomical projections between CST components was ®tted satisfactorily to the observed inter-regional covariance matrix. The effect of sulpiride was de®ned more speci®cally in the context of this model as increased strength of effective connection from ventral midbrain to caudate nucleus. In short, we have demonstrated enhanced functional and effective connectivity of human caudate nucleus following sulpiride treatment, which is compatible both with the anatomy of ascending dopaminergic projections and with electrophysiological studies indicating abnormal coherent oscillations of CST neurons in parkinsonian states.
Introduction
An in¯uential model of neurocognitive architecture emphasizes the central importance of cortico-striato-thalamic (CST) circuits. Diverse neuropsychiatric disorders have been attributed to disordered function of CST systems (Robbins, 1990; Owen et al., 1992; Pantelis et al., 1997; Lawrence et al., 1998; Graybiel and Rauch, 2000; Overmeyer et al., 2001) . Neuroanatomical studies of non-human primates indicate that a general scheme of cortico-subcortical integration is common to several parallel segregated CST circuits, each of which comprises a speci®c set of frontal cortical areas and subcortical nuclei, and receives modulatory input to striatum from ascending dopaminergic projections of the substantia nigra compacta in the midbrain (Alexander et al., 1986 (Alexander et al., , 1990 Wichmann and DeLong, 1996; Masterman and Cummings, 1997 ); see Fig. 1 .
Several recent lines of investigation have convergently indicated a key role for dopamine in the modulation of spontaneous, long-memory oscillations in basal ganglia and synchronization or coherence of neuronal activity between components of cortico-striato-thalamic (CST) circuits. For example, extracellular single unit recordings in rats have demonstrated that slow, periodic oscillations in spontaneous activity of basal ganglia neurons are profoundly modulated by administration of the dopamine agonist apomorphine, which increased both the frequency and peak power of oscillation (Ruskin et al., 1999; Walters et al., 2000) . Multiple electrode recordings in monkeys have also shown that both power of low frequency (7 and 13 Hz) oscillations and coherence between normally independent pallidal and striatal neurons are increased after treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), causing parkinsonism Raz et al., 2000 Raz et al., , 2001 . In patients studied following neurosurgical treatment for Parkinson's disease, macroelectrode recordings demonstrated low frequency oscillations in globus pallidus and subthalamic nucleus which were highly sensitive to dopaminergic manipulation: administration of the dopamine precursor Ldopa caused increased frequency and phase reversal of coherent oscillation in these nuclei (Brown et al., 2001) . Similarly, the frequency and phase of cortico-subthalamic coherent oscillations were modulated in Parkinson's disease patients by administration of L-dopa (Williams et al., 2002) . These electrophysiological observations collectively indicate that dopamine plays a critical role in modulating the extent of functional segregation within basal ganglia and between multiple, anatomically parallel cortico-subcortical circuits.
Anatomical and physiological characterization of normal CST systems in humans is obviously not possible by the more direct, but invasive, methods used for this purpose in animal models. However, functional neuroimaging offers the opportunity to investigate frontal-subcortical systems in living, healthy subjects. There has been considerable effort to develop multivariate statistical methods for analysis of correlated physiological activity in human brain systems identi®ed by functional neuroimaging (Bullmore et al., 1996 (Bullmore et al., , 2000 McIntosh et al., 1996; Friston et al., 1997 Friston et al., , 1999 Worsley et al., 1998; Bu Èchel et al., 1999; Mechelli et al., 2002; Welchew et al., 2002) . Such methods have previously been used to examine the interactions between striatum and cortical regions (Toni et al., 2002) and to demonstrate de®cits in cortico-cortical interactions in patients with Parkinson's disease . To the best of our knowledge, however, they have not hitherto been used either to characterize physiological connectivity between components of human CST circuits or to assess drug effects on functional MRI (fMRI) measures of connectivity in humans or monkeys. Primarily on the basis of prior electrophysiological data Brown et al., 2001) , we predicted that physiological connectivity within human CST circuits would be modulated by pharmacological manipulation of dopaminergic transmission. We tested this hypothesis in a randomized, repeated-measures, placebo-controlled design using fMRI to measure integrated function of a prefronto-striatothalamic system in healthy, elderly volunteers.
Material and methods

Subjects and study design
Twenty-three healthy, elderly, right-handed volunteers participated in the study. All participants were carefully screened by a structured health questionnaire, full clinical examination and supplementary investigations including ECG, haematology and blood biochemistry, and urine analysis for undeclared drug use. Speci®cally to exclude signi®cant neurological or psychiatric disorder, participants were also required to have a radiologically normal anatomical MRI examination and a mini-mental state examination score (MMSE) of b26 (maximum score = 30); in fact, most participants had MMSE scores of 30 or 29, and only three participants had recorded scores of <28.
Written informed consent was provided by all participants. The study was approved by the Bethlem Royal and Maudsley NHS Trust Ethics (Research) Committee.
We used a randomized, single-blind, placebo-controlled design; for ethical and clinical reasons, one member of the study team was not blind to treatment. Participants were (Alexander et al., 1986) . Each of ®ve circuits originates with an efferent excitatory (glutamatergic) projection from one of several frontal cortical areas to caudate nucleus, putamen or ventral striatum. Direct or indirect routes connect these input nuclei of the basal ganglia to globus pallidus. From globus pallidus, there is an inhibitory (GABAergic) connection to thalamus; from thalamus, a glutamatergic projection returns to the cortical area that issued the original efferent projection to basal ganglia. DA = dopamine; GLU = glutamate; GL = glutamine; GABA = g-aminobutyric acid; DLPFC = dorsolateral prefrontal cortex. scanned using fMRI on three separate occasions at 14-day intervals. To habituate participants to the magnetic resonance scanning environment, and to acquire anatomical MRI data, participants were also brie¯y scanned as part of their screening assessment before starting the fMRI study.
The study comprised two treatment arms: across the three sessions, a`dopaminergic treatment group' received oral placebo, methylphenidate 20 mg (a dopamine reuptake inhibitor used clinically in the treatment of attention de®cit hyperactivity disorder) and sulpiride 400 mg (a selective antagonist at dopamine D2 receptors used clinically as an anti-psychotic). The`non-dopaminergic treatment group' received placebo, subcutaneous scopolamine 0.35 mg (a muscarinic M2 receptor antagonist, widely used as a preoperative medication in general surgery) and oral diazepam 5 mg (a g-aminobutyric acid GABA A receptor agonist, widely used as an anxiolytic and hypnotic). The order of treatments was randomized within groups.
Half the sample (Group A; n = 12; four male, eight female; mean age = 69.75 years; age range 61±80 years) was randomly assigned to the dopaminergic treatment group. The other half of the sample (Group B; n = 11; four male, seven female; mean age = 75 years; age range 70±80 years) was assigned to the non-dopaminergic treatment group. To control for different modes of administration of active compounds in Group B, six of these participants received an oral placebo and ®ve had a subcutaneous injection of placebo (normal saline).
To accommodate the different pharmacokinetic pro®les of these four active compounds, they were administered at different times before scanning to ensure effective and stable plasma concentrations during fMRI: sulpiride and diazepam were given 180 min prior to scanning; and methylphenidate, scopolamine and placebo were given 90 min before scanning. All drugs were well tolerated at these doses and all participants completed the scanning protocol successfully.
This design allowed us to assess changes in physiological connectivity within the CST system in the context of opposing pharmacological manipulations, which served to both increase (methylphenidate) and decrease (sulpiride) dopaminergic transmission. We reasoned that modulation of connectivity, which re¯ected this bipolar pharmacological manipulation, could be compellingly related to speci®c effects on the dopaminergic system, particularly if observed in the absence of similar effects from treatments which do not directly modulate dopamine (scopolamine and diazepam).
fMRI data acquisition
Gradient-echo echoplanar T 2 *-weighted images depicting blood oxygen level dependent (BOLD) contrast were acquired at 1.5 Tesla from 16 non-contiguous near axial planes, with the following parameters: TE (echo time) = 40 ms; TR (repetition time) = 2000 ms;¯ip angle = 70°; slice thickness = 7 mm; inter-slice gap = 0.7 mm; in-plane resolution = 3.75 mm; matrix size = 64 Q 64. To facilitate later registration of fMRI data in standard space, a higher resolution echo planar imaging (EPI) dataset comprising 43 near-axial slices was also acquired with the following parameters: TR = 6000 ms; TE = 40 ms; TI (inversion time) = 1500 ms;¯ip angle = 90°; slice thickness = 3 mm; inter-slice gap = 0.3 mm; matrix size = 128 Q 128.
Object±location learning
The object±location learning paradigm used in this study was selected on the basis of prior data indicating that a loadadaptive response to this task was demonstrated by a frontostriato-thalamic system (Bullmore et al., 2003) . A graded block design was used to optimize the ef®ciency of regression model parameter estimation. Object±location learning trials (Fig. 2) were presented in 24 s blocks, alternating with 24 s blocks of cross-hair ®xation; this cycle was repeated eight times for a total experimental duration of 6 min 24 s. Cognitive load was graded by alternately presenting blocks of trials at one of two possible levels of dif®culty. In an`easy' trial, a set of two stimuli (highly discriminable coloured shapes) was shown for 1500 ms either side (left and right) of a central crosshair, followed by 500 ms of central crosshair alone, followed by central presentation of one of the two original stimuli for 2000 ms. The subject was trained to move a joystick in the direction of the location (left or right) originally occupied by the central stimulus. A`dif®cult' trial was exactly the same except that a set of four stimuli was initially arrayed around the central crosshair. For each level of dif®culty, the same set of stimuli was repeatedly presented in the same locations across all trials. For both levels of dif®culty, trial duration was 4 s, i.e. there were six trials per block. Subjects were informed immediately by visual feedback whether the response to each trial was correct or incorrect, and accuracy and reaction time of response were recorded by pressing the right-handed button during scanning.
Activation mapping
After correction of temporal offsets due to multislice acquisition and head movement-related effects in the fMRI time series at each voxel (Bullmore et al., 1999b) , a linear regression model was ®tted by least squares to estimate experimentally induced signal changes in the context of residual autocorrelation with 1/f-like or long-memory structure . Regression analysis modelled the difference between the two levels of dif®culty of the activation condition, which characterized cognitive load response [orthogonal periodic and linear time-related effects were also modelled, but these are not reported further here; see Bullmore et al. (2003) for details]. Prior to model ®tting, each column of the design matrix was convolved by a pair of Poisson kernels (l = 4 or 8 s) to model locally variable haemodynamic response functions. Statistical maps representing the standardized effects for each individual under each drug treatment were registered in the standard space of Talairach and Tournoux (1988) by an af®ne transformation to a template image .
Generic activation maps indicating areas of signi®cant response following placebo treatment were created by a permutation test of the median standardized effect at each suprathreshold cluster Bullmore et al., 1999a) . Cluster level analysis involved applying a preliminary probability threshold (P < 0.05) to the voxel statistic maps and setting all subthreshold voxels to zero, thus creating a set of suprathreshold voxel clusters that are spatially contiguous in 3D. The sum of suprathreshold voxel statistics or`mass' of each cluster was then tested by a permutation test at each cluster (Bullmore et al., 1999a) . A one-tailed clusterwise probability of type 1 error P`0.01 was adopted; at this size of signi®cance threshold, we expect less than one false positive test over all the clusters tested in each map. The primary aim of this activation mapping was to identify the anatomical coordinates of time series demonstrating signi®-cant load response, in the expectation that cortical and subcortical regions showing a shared pattern of response to the experimental task could be regarded as constituents of a functionally integrated CST circuit and might therefore provide a reasonable basis for modelling hypothesized drug effects on CST connectivity. However, we note that activation mapping is not an essential prerequisite for connectivity analysis. One could, in principle, select time series based on inspection of non-thresholded statistical parameter maps, selecting series from regions with local maxima of voxel statistics; or one could use purely anatomical criteria to sample series from regions known a priori to constitute integrated CST circuits.
Regional time series analysis
Regional mean fMRI time series were sampled from each individual under each treatment condition by averaging the time series extracted from a generically activated index voxel (one for each region) and its eight nearest neighbours in the axial (x±y) plane. Time series data corresponding to the activation condition at each level were then separately concatenated as described by Honey et al. (2002) to create two within-task series, one for each level of load, at each region. To do this, we assumed a mean haemodynamic delay of 4 s, i.e. 2 TR, between the onset and offset of each activation condition and the corresponding onset and offset of related physiological response . For the easy level of dif®culty (n = 2 items) condition, there were T = 52 time points comprising each regional within-task series; for the higher dif®culty level (n = 4 items), there were T = 50 time points per series. This was because one of the epochs of this task was presented last in the experimental sequence of conditions and therefore truncated by (4 s = 2 TR) correction for haemodynamic delay.
This method of time series`splicing' to obtain concatenated segments of data speci®c to a particular task condition or level of dif®culty has the advantage of conceptual simplicity and is suitable for both correlational and path analysis of within-task covariance. An alternative approach, which has been elegantly used in path analysis of task-speci®c effects of one (source) region on another (target) region, is to compute the product of the haemodynamically convolved input function for the task condition of interest with the time series of the source region and then to use this interaction term or moderator variable as a predictor of variance in the target region (Bu Èchel and Friston, 1997) . Both approaches will typically involve making some assumptions about the haemodynamically mediated delay between onset of task presentation and onset of task related fMRI signal.
Physiological connectivity analysis Overview and nomenclature
Analysis of physiological connectivity in brain systems has been subdivided into analysis of functional connectivity and effective connectivity (Gerstein and Perkel, 1969; Gerstein et al., 1989; Friston et al., 1993) . Functional connectivity analysis refers to the estimation of simple statistical measures of association or dependency between two neurophysiological time series recorded from different voxels or spatially distinct regions. Effective connectivity analysis involves the more ambitious attempt to model mechanistic effects of one brain region on another, mediated by known anatomical connections between them. Thus functional connectivity is essentially statistical, whereas effective connectivity is a hybrid concept incorporating prior anatomical data and some model of causal or at least unidirectional interactions between brain regions. Here we have applied methods for analysis of both functional and effective connectivity to the same data. The added value of this dual approach is that correlational analysis of functional connectivity is a conceptually simple way of identifying drug effects on brain systems, but is not informed by prior anatomic knowledge; whereas path analysis of effective connectivity is conceptually and operationally more complex, but it can provide a more speci®c representation of drug effects in the context of prior knowledge of CST anatomy and neurochemistry. Thus, we intended that the relatively model-free results of correlational analysis could substantiate and corroborate the more informed but more elaborately modelled results of path analysis.
To assess functional connectivity, we estimated the correlations between each pair of ®ve prefrontal cortical, striatal, thalamic and midbrain regions for each individual under each drug treatment. To assess effective connectivity, we speci®ed a path model based on extensive prior knowledge of CST structure in primates, validated this model for human data in two independent groups of subjects treated with placebo, and ®tted it to each individual's inter-regional covariance matrix under each drug treatment. To make inferences about pharmacological effects on connectivity, we used our indices of coupling (Z-transformed correlation coef®cients and path coef®cients) as dependent variables in standard analyses of variance looking for condition and treatment effects. We subsequently elaborated these analyses by including some behavioural measures as a covariate. Note that this approach corresponds to a second level analysis if we treat the coupling indices as summary statistics from a ®rst level analysis. In this sense our inferences are, quite properly, made in relation to inter-subject variability, which is not the case for inference made on the basis of correlations or path coef®cients estimated from group averaged regional fMRI time series; see Rowe et al. (2002) and Lawrie et al. (2002) for similar prior approaches to second level connectivity analysis. Further statistical details are provided below.
Functional connectivity
We used Pearson's correlation coef®cient as a measure of functional connectivity. We constructed a (5 Q 5) withintask, inter-regional correlation matrix for each subject under each drug treatment. The correlation coef®cient for the ith and jth regions, r i,j , was transformed to a standard Normal distribution using Fisher's r-to-z transformation:
To estimate drug effects on functional connectivity, we used a linear mixed effects model for normalized inter-regional correlations, treating subject as a random effect and drug treatment and task dif®culty as ®xed effects, i.e.
where z kmn is the standardized inter-regional correlation coef®cient (for the ith and jth regions) in the kth subject under the mth treatment and nth load condition; m is the overall mean inter-regional correlation; b m is the ®xed effect of the mth treatment; g n is the ®xed effect of the nth dif®culty condition; b k is a random variable representing the deviation of the kth subject from the population mean inter-regional correlation, b k~N (0,s 2 b ) and e kmn is a normally distributed error term with zero mean and variance s 2 e . Testing the null hypothesis that the main effect of treatment was zero for each of 10 inter-regional correlations possible between p = 5 regions of interest implied 10 signi®cance tests which were conservatively adjusted for multiple comparisons using the Bonferroni correction.
Effective connectivity
We also wanted to estimate drug effects on physiological connectivity in the context of an anatomically informed model for CST function. To do this, we used path analysis or structural equation modelling. For a general introduction to path analysis see Loehlin (1987) , Glymour et al. (1987) or Bollen (1989) ; for prior applications to functional neuroimaging, see McIntosh et al. (1994 McIntosh et al. ( , 1996 , Bu Èchel and Friston (2000), Bullmore et al. (2000) or Gitelman et al. (2002) ; and for a prior application to genetic neuroimaging, see Wright et al. (2002) .
Brie¯y, path analysis of fMRI data requires an interregional covariance matrix and a path diagram summarizing the anatomically permissible interactions between regions. The path coef®cients quantifying the strength of effective connection between each pair of linked regions in the diagram are estimated so as to minimize the discrepancy between the observed covariance matrix and the covariance matrix predicted by the diagram. If the path model provides a good account of the data, this discrepancy will be small and quite likely under the null hypothesis. More formally, the maximum likelihood method of path model estimation ®nds the minimum discrepancy, F, between the observed covariance matrix, C, and the matrix predicted by the path model, S(q), i.e. F = min{f[C, S(q)]}. Under the null hypothesis that the population covariance matrix S = S(q), the minimum value of the discrepancy function multiplied by the number of independent observations on each variable n is distributed approximately as c 2 on k±q degrees of freedom, i.e. nF~c 2 k±q , where q is the number of path coef®cients to be estimated and k = 1 2 p(p + 1) = 15 is the number of regional variances and inter-regional covariances on the basis of which to estimate them. Path models that provide a good account of the observed data will be associated with small minima of the discrepancy function, F, and correspondingly large probabilities (P > 0.1) under the null hypothesis. Model performance can also be evaluated by various other indices: good models will generally have low values for the root mean square error of approximation (RMSEA) and high values for Bollen's (parsimonious) ®t index (BFI) (0 < BFI < 1).
Model speci®cation
An important incentive in applying path analysis to pharmacological fMRI data on CST systems is that the anatomy and neurochemistry of these systems has been especially well established in animal models (for review see Alexander et al., 1986 Alexander et al., , 1990 A®® and Bergman, 1998; Mega and Cummings, 2001) . Moreover, many of the anatomical connections in these circuits are known to be unidirectional, which usefully constrains speci®cation of parsimonious and identi®able path models. Drawing on these and other prior sources, we speci®ed a series of unidirectional connections from dorsal prefrontal cortex to caudate nucleus (Selemon and Goldman-Rakic, 1985) , from caudate nucleus to thalamus, and then from thalamus back to dorsal prefrontal cortex bilaterally (Kievit and Kuypers, 1977; Giguere and Goldman-Rakic, 1988; Dermon and Barbas, 1994) . This basic loop does not include globus pallidus, which is implicated in both direct and indirect striato-thalamic connections (Kim et al., 1976; Parent et al., 1984; Ilinsky et al., 1985) , because there was no evidence of signi®cant generic activation of globus pallidus in these data. In addition to these core features of the dorsolateral prefrontal CST circuit, our path diagram incorporated reciprocal connections between a generically activated region of ventral midbrain (subsuming the substantia nigra) and each ipsilateral component of the circuit. There is anatomical evidence for direct reciprocal connections between midbrain and caudate nucleus and between midbrain and prefrontal cortex, as well as indirect connections between midbrain and thalamus via the subthalamic nucleus. Finally, we included reciprocal connections between bilaterally homologous regions of prefrontal cortex in view of the dense anatomical connectivity between right and left frontal cortical areas (Pandya and Yeterian, 1990; McGuire et al., 1991) and prior evidence for enhanced physiological connectivity in prefronto-prefrontal circuits under conditions of high cognitive load .
In short, the complete path diagram (Fig. 3) comprises ®ve unidirectional connections constituting a prefronto-striatothalamic circuit; six bidirectional connections allowing possible interactions between components of this circuit and ipsilateral midbrain nuclei; and two connections allowing prefronto-prefrontal interactions. The total number of path coef®cients to be estimated q = 13.
Path model estimation and evaluation
To evaluate this model, we ®rst ®tted it to the group mean inter-regional covariance matrix for subjects in treatment Group A. This matrix was constructed simply by averaging the regional fMRI time series over all subjects following placebo treatment in Group A and then estimating the covariances between group mean regional time series; see Table 1 . Effective degrees of freedom and residual variances for each group mean time series were estimated by principal component analysis as described previously (Bullmore et al., 2000; Honey et al., 2002) ; Table 1 . To explore the replicability of model ®t, we also constructed a group mean covariance matrix over all the subjects following placebo treatment in Group B and separately ®tted the same path diagram to this matrix.
To estimate the effects of drug treatment on effective connections speci®ed by this path model, we ®tted the model separately to the inter-regional covariance matrix constructed for each individual under each drug treatment and load condition in both Groups A and B. We then ®tted a linear mixed effects model formally identical to Eqn 2, incorporating drug treatment and task dif®culty as ®xed effects and subject as a random effect, with path coef®cients rather than normalized correlation coef®cients as the dependent variable. Signi®cance tests on model parameters were corrected for multiple comparisons by a Bonferroni procedure.
All path models were estimated using maximum likelihood methods implemented in LISREL software, version 8 (Jo Èreskog and So Èrbom, 1996) and S-Plus (Venables and Ripley, 2002).
Effects of time and behavioural performance
To test the hypothesis that drug effects on functional and effective connectivity might be explicable in terms of drug effects on behavioural measures of task performance, we extended the linear mixed effects model (Eqn 2) to include as a covariate the mean latency (reaction time) of object location learning by each individual at each level of dif®culty and drug treatment, and an interaction between reaction time and drug treatment. This model was ®tted identically to correlation and path coef®cients treated separately as dependent variables.
We were also concerned to test the hypothesis that drug effects on connectivity might vary dynamically in the course of repeated presentation of trials in the object location learning experiment. To address this possibility, we estimated inter-regional correlation and path coef®cients using only the ®rst four and last four blocks of trials and ®tted the linear mixed effects model (Eqn 2) to these data, substituting the main effect of time (early or late) for the main effect of load (two-or four-item learning) in the original model; in this analysis, we also estimated an interaction between time and drug treatment.
Results
Behavioural data
There were highly signi®cant effects of both dif®culty (number of items) and practice (block number) on latency of task performance during scanning after placebo treatment: main effect of number of items, [F(1,23) = 100.4, P < 0.01]; and main effect of block number, [F(3,21) = 10.79, P < 0.001]. There were also signi®cant effects of both dif®culty and practice on accuracy of task performance measured during scanning after placebo: main effect of number of items, [F(1,23) = 18.8, P < 0.001]; and main effect of block number, [F(3,21) = 4.5, P = 0.014]. The interaction between dif®culty and practice was not signi®cant for either latency or accuracy. Sample correlations are shown below the diagonal; sample variances and covariances are shown on and above the diagonal. Residual variances are estimated by principal component analysis and indicate the variance in each region that is not accounted for by connectivity with other regions. Neither the main effect of drug treatment nor the interactive effects of drug Q load or drug Q block number were signi®cant for accuracy or latency of response in either treatment group.
Generic activation mapping
Combining data from all subjects following placebo treatment, we demonstrated signi®cantly increased activation by increased dif®culty of the object±location learning task in a load-responsive system including the following brain regions: left dorsolateral prefrontal cortex, extending into the cingulate gyrus [approximate Brodmann area 9, 46; x, y, z Talairach co-ordinates (mm): ±24, 24, 28], right dorsolateral prefrontal cortex (Brodmann area 9, 46; 18, 30, 28) , caudate nucleus (15, 18, 1), ventro-posterior thalamus (17, 33, 4) and ventral midbrain (22, ±30, ±4); see Fig. 4 ]. Regional fMRI time series for right and left dorsolateral prefrontal cortex, caudate nucleus, thalamus and ventral midbrain were extracted from each individual dataset at these coordinates.
Functional connectivity analysis
The group mean correlation and covariance matrices summarized in Table 1 indicate that the components of this fronto-striato-nigro-thalamic system were functionally Fig. 4 Generic brain activation maps Highlighted voxels indicate areas of signi®cant response to the load manipulation in the object± location learning task over all subjects following placebo treatment (n = 23). Activated regions involve the CST system. The distance of each map above the intercommissural line in the standard space of Talairach and Tournoux (1988) is given in millimeters; the red crosshair locates the origin of the x and y coordinates in each slice. In accordance with radiological convention, the right side of the brain is shown on the left side of each map.
connected to each other on average over all subjects in Group A and Group B under placebo treatment. The time series activity underpinning inter-regional correlations is illustrated by representative data extracted from caudate nucleus and ventral midbrain in two individuals following placebo treatment in Group A; see Fig. 5 .
The effects of drug treatment on individually estimated inter-regional correlation coef®cients are summarized in Table 2 . Dopaminergic treatments (in Group A) had the most salient effects and these were localized to the functional connections of the caudate nucleus with the thalamus and ventral midbrain. The functional connection between caudate and thalamus demonstrated a signi®cant main effect of dopaminergic drug treatment (after Bonferroni correction for multiple comparisons P = 0.025); also, the dopaminergic drug effect on the connection between caudate and midbrain was close to the corrected threshold for signi®cance (P = 0.057). For both these connections, the effect of sulpiride was to increase functional connectivity compared with placebo, whereas the effect of methylphenidate was either to decrease functional connectivity compared with placebo (for caudate± midbrain correlation) or neutral with respect to placebo (for caudate±thalamic correlation). There were no signi®cant effects of task dif®culty and no effects of scopolamine or diazepam on functional connectivity by this analysis.
Drug effects on inter-regional correlations can also be visualized at the level of fMRI time series extracted from caudate nucleus and ventral midbrain in two individuals following sulpiride and methylphenidate treatment in Group A; see Fig. 5 .
Effective connectivity analysis
The path diagram (Fig. 3) provided a good account of the group mean inter-regional covariance matrix for Group A following placebo treatment: c 2 (2) = 1.61, P = 0.66; RMSEA = 0, 95% con®dence interval (0, 0.14); BFI = 0.98. The same model also provided a good account of the group mean inter-regional covariance matrix for Group B following placebo treatment: c 2 (2) = 2.59, P = 0.46; RMSEA = 0, 95% con®dence interval (0, 0.26); BFI = 0.94. On this basis, we can conclude that the path diagram provides a reasonable account of the observed covariance structure in two independent groups performing the same task.
The results of linear mixed effects modelling of individually estimated path coef®cients are summarized in Table 3 . It is notable that some path coef®cients were larger, on average, than others: for example, the effective connections from midbrain to caudate and thalamus were strong (signi®cantly non-zero), whereas the effective connections from midbrain to right prefrontal cortex and vice versa were close to zero. The coef®cient for the path from caudate to thalamus was also relatively small and this may re¯ect the departure of our model at this point from the more complex connections, via globus pallidus and other nuclei, intervening anatomically between caudate and thalamus. However, it is also notable that the mean path coef®cients are remarkably similar for the two treatment groups, providing an informal indication of the stability of the model and the replicability of these results.
Following correction for multiple comparisons, the only effective connection that was signi®cantly modulated by drug treatment was the projection from ventral midbrain to caudate nucleus in treatment Group A. Here the effect of sulpiride was to increase the strength of effective connection relative to placebo, whereas the effect of methylphenidate was (less saliently) to decrease the strength of effective connection. There were no signi®cant effects of task dif®culty and no effects of scopolamine or diazepam on effective connectivity by this analysis.
Effects of time and behavioural performance
There was no signi®cant effect of task performance (reaction time) on any measure of inter-regional connectivity and no signi®cant interaction between task performance and drug treatment. These results indicate that the effects of drug treatment on inter-regional connectivity in this system cannot simply be explained in terms of drug effects on behavioural performance of the task. There was also no signi®cant effect of time on any measure of inter-regional connectivity and no signi®cant interaction between time and drug treatment.
Discussion
We con®rmed our hypothetical expectation that dopaminergic drugs would signi®cantly modulate functional and effective connectivity between components of a human CST system, which was supported by the broadly convergent results of two complementary statistical analyses.
We found that a path model of the components of the CST, incorporating unidirectional projections from cortex to thalamus via striatum, provided a good account of the observed covariances between these regions and ventral midbrain. Moreover, our model provided consistently good results when ®tted to a second, independent group mean covariance matrix and generated very similar estimates of mean effective connectivity when ®tted to the covariance matrices individually estimated for each of 23 subjects in two treatment groups. These results do not, of course, prove that our model is absolutely correct or even the best of all possible path models. More modestly, but still importantly, these results strongly indicate for the ®rst time in humans that it is possible to use detailed prior anatomical knowledge of CST organization to provide a stable, satisfactory and replicable account of the observed covariance structure in a set of fMRI time series extracted from these regions.
The distinctive value of such a model is illustrated by comparing our results concerning drug effects on functional and effective connectivity. Using both correlation coef®cients and path coef®cients as our measures of inter-regional connectivity, we were able to show that dopaminergic drugs (sulpiride and methylphenidate) had more salient effects on connectivity than cholinergic (scopolamine) or GABAergic (diazepam) agents. Correlational analysis revealed that dopaminergic drug effects involved particularly the functional connections of the caudate nucleus. Using path analysis, we were able to achieve a more precise localization of this effect, which was most signi®cantly represented in the Table 2 Linear mixed effects modelling of inter-regional correlation coef®cients A model treating drug and load as ®xed effects and subject as a random effect (Eqn 2) was ®tted to the individually estimated inter-regional correlation coef®cients in each treatment group. The intercept (m) indicates the mean value of the correlation coef®cient under all drug (and load) conditions; the main effect of drug indicates the probability of the observed between drug difference for each correlation in each group; the coef®cients (b) for each drug indicate their effect on each correlation compared to placebo. P values <0.05 are also reported (in parentheses after correction for multiple comparisons by a Bonferroni procedure). CD = caudate; LPFC = left dorsolateral prefrontal cortex; RPFC = right dorsolateral prefrontal cortex; VMB = ventral midbrain; VPT = ventro-posterior thalamus; SE = standard error. A model treating drug and load as ®xed effects and subject as a random effect (Eqn 2) was ®tted to the individually estimated inter-regional correlation coef®cients in each treatment group. The intercept (m) indicates the mean value of the correlation coef®cient under all drug (and load) conditions; the main effect of drug indicates the probability of the observed between drug difference for each correlation in each group; the coef®cients (b) for each drug indicate their effect on each correlation compared to placebo. P values <0.05 are also reported (in parentheses after correction for multiple comparisons by a Bonferroni procedure). CD = caudate; LPFC = left dorsolateral prefrontal cortex; RPFC = right dorsolateral prefrontal cortex; VMB = ventral midbrain; VPT = ventro-posterior thalamus; SE = standard error. context of the model by a modulation of the effective connection from ventral midbrain to caudate nucleus. The other main effect of sulpiride demonstrated by correlational analysis was to enhance functional connectivity between caudate and thalamus. This could be interpreted in terms of an effect of striatal dopaminergic input on GABAergic striatopallidal activity, which has been shown by several studies to be reciprocally related to striatal dopamine (Chapman and See, 1996; Opacka-Juffry et al., 1998; Grimm and See, 1998) , and mediates a connection between striatal and thalamic nuclei. The functional connection modelled between these two regions using path analysis did not show an effect of dopaminergic manipulation: this likely re¯ects the imprecision of this aspect of our path model, which did not incorporate intervening paths between caudate and thalamus via the globus pallidus, as signi®cant pallidal activation was not observed in this study. The generalization emergent from both analyses is that striatal connectivity in humans is speci®cally modulated by dopaminergic drugs; in particular, sulpiride increases connectivity between caudate and other circuit components. It is also interesting, and common to both analyses, that sulpiride and methylphenidate, which have opposing effects on dopaminergic transmission at a synaptic level, should also have somewhat different effects on striatal connectivity at the systems level of neuroimaging: sulpiride consistently increased striatal connectivity compared with placebo whereas methylphenidate less consistently and saliently tended to have the opposite effect. This observation, together with the relative lack of effect on striatal connectivity of non-dopaminergic drugs, suggests that the effects of sulpiride are indeed mediated by dopamine receptors and are not persuasively attributable to binding at other receptors or non-speci®c effects such as sedation. It remains an intriguing question to consider how the effects of sulpiride on fMRI data could be related to the effects of dopaminergic drugs on electrophysiological recordings from rats, monkeys and patients with Parkinson's disease. One simple notion is that enhanced connectivity of caudate following sulpiride may be a signature of the same dopaminergic effect as is indicated by increased low frequency coherence within and between CST circuits in parkinsonian animals and patients. However, there are clearly many points of difference between our experiment and those already published in the electrophysiological literature in terms of the anatomical regions studied, the sample characteristics, the dopaminergic manipulation and the modality of neurophysiological measurement. A more assertive statement about correspondence between drug effects on connectivity/ coherence measured electrophysiologically and with fMRI will probably need to await future multimodal studies of monkey models or post-surgical patients with Parkinson's disease.
In some electrophysiological studies, dopaminergic drugs modulated long-memory, low frequency or multisecond periodicities in spontaneous oscillations of basal ganglia neurons (Ruskin et al., 1999; Walters et al., 2000) . There is preliminary evidence that human fMRI time series recorded at rest' can likewise demonstrate long-memory autocorrelations or 1/f noise (Zarahn et al., 1997; Fadili and Bullmore, 2002) and that spatially distributed brain regions may be functionally connected to constitute so-called`resting state networks' (RSNs) which demonstrate correlated low frequency¯uctuations (Lowe et al., 2000) . Despite the different time scales of fMRI and electrophysiological measurements, one might argue that long memory structure is typically fractal or statistically self-similar and it is, therefore, unsurprising that it should be consistently observable over a range of time scales (Linkenkaer-Hansen et al., 2001; Goldberger et al., 2002) . In any case, it would also be interesting in future to test the hypotheses that dopaminergic drug treatments may modulate not only connectivity between components of an activated CST system, as we have shown here, but may also affect the spectral properties of long memory fMRI noise and/or the strength of correlation between components of resting state networks.
Some methodological issues deserve comment. Several pharmacological MRI studies have described regionally segregated effects of drug challenge on brain function in young adults (Sell et al., 1997; Gollub et al., 1998; Honey et al., 1999; Kimberg et al., 2001) . In this context, the present study has two main claims to innovation. First, we have chosen to measure drug effects on brain function in an unusually elderly sample. We were motivated to do so by a strategic interest in using pharmacological MRI to study agerelated changes in brain function related to concomitant changes in neurotransmitter systems already well-described in animal models (Arnsten et al., 1995) . It has been shown in monkeys that pharmacological MRI can be used to map agerelated changes in drug effects on brain function (Zhang et al., 2001) . As a ®rst step in establishing the feasibility of this approach in humans, we wanted simply to demonstrate that it was possible to measure drug effects on neurocognitive function in healthy elderly participants. These results set the stage for future studies directly comparing drug effects on human neurocognitive function at different ages (as well as providing a basis for case-control studies of pharmacological effects on integrated brain function in elderly patient groups). However, until the results of such studies are known, it would be premature to assert that the pattern of drug effects we have reported here will be representative of all ages. It is more likely that drug effects are conditional on baseline activity and structural integrity of relevant transmitter systems, which are expected to change with age.
We should also consider the fact that the observed dopaminergic effects on physiological connectivity were not associated with change in response accuracy or reaction time. As well as removing the ambiguity that would attend the interpretation of a neurophysiological change in the face of a behavioural impairment, i.e. is the fMRI change produced by the behavioural alteration rather than drug, this suggests that the imaging provides a more sensitive measure of the drug effects than do the overt behavioural measures. This ®nding that is perhaps unsurprising given the fact that error rates and reaction times can remain unaltered even though the cognitive processes that generate them may change profoundly.
A ®nal methodological point relates to the interpretation of positive and negative path coef®cients in terms of excitatory and inhibitory synaptic transmission, respectively (Nyberg et al., 1996) . If this general rule was correct, then connections in our model which are known to be directly or indirectly mediated by inhibitory GABAergic transmission, such as caudate±thalamic connections, should be consistently described at a systems level by negative path coef®cients and vice versa for known excitatory, glutamatergic projections, e.g. from cortex to caudate. However, this was not the case; which probably implies caution in supposing that the sign of a path coef®cient is a simple, reliable indicator of the excitatory or inhibitory mode of synaptic events mediating connections between ensembles of neurons.
In summary, we have used pharmacological fMRI and multivariate data analysis methods to model integrated function of a CST system in humans and to con®rm our hypothetical prediction that dopaminergic drugs would speci®cally modulate striatal connectivity.
